Abstract-Accurate quantification of gene or isoform expression with RNA-Seq depends on complete knowledge of the transcriptome. Because a complete genomic annotation does not yet exist, novel isoform discovery is an important component of the RNA-Seq quantification process. Thus, a typical RNA-Seq pipeline includes a transcriptome mapping step to quantify known genes and isoforms, and a reference genome mapping step to discover new genes and isoforms. Several tools implement this approach, but are limited in that they force the use of a single mapping algorithm at both the transcriptome and reference genome mapping stages. The choice of mapping algorithm could affect quantification accuracy on a per-dataset basis. Thus, we describe a method that enables the merging of transcriptome and reference genome mapping stages provided that they conform to the standard SAM/BAM format. This procedure could potentially improve the accuracy of gene or isoform quantification by increasing flexibility when selecting RNA-Seq data analysis pipelines. We demonstrate an example of a flexible RNA-Seq pipeline, assess its potential for novel isoform discovery and validate its quantification performance using qRT-PCR.
I. INTRODUCTION
RNA-Seq, an application of next-generation sequencing (NGS), quantifies mRNA expression by mapping sequenced mRNA fragments, or "reads" to a transcriptome or reference genome [1] . Transcriptome references contain the sequences of gene isoforms (i.e., gene splice variants) assembled from exons defined in various genomic annotations. Mapping reads directly to a reference genome may not identify transcriptome sequences that span introns. However, direct reference genome mapping enables identification of previously unknown exons and novel splice junctions, possibly leading to discovery of novel isoforms. Many genomic annotations exist because a complete transcriptome definition does not yet exist. Thus, many gene isoforms may still be undefined, leading to erroneous RNA-Seq quantification in two situations. First, reads from an unknown gene isoform may be incorrectly assigned to another gene isoform, resulting in incorrect estimation of isoform abundance [2] . Second, reads from an unknown gene isoform may be ignored, leading to incorrect estimation of gene expression. Fig. 1 is an example of the importance of mapping reads to a reference genome. The gray bars in Fig. 1 represent reads that map to the transcriptome consisting of known exons (light blue bars). Mapping of reads to a reference genome, including introns (white bars), enables the discovery of exon variants (dark blue bar) as well as novel splice junctions (red bar). Detection of such novel exon variants and novel isoforms is important for accurate estimation of gene expression and isoform abundance.
We describe a general procedure for mapping reads to a transcriptome as well as to a reference genome in order to capture the information provided in the transcriptome annotation while enabling discovery of novel isoforms. This procedure is common among a number of tools including TopHat, OSA, and GSNAP [3] [4] [5] . However, these tools are limited in that the transcriptome and reference genome mapping stages are tied to specific mapping algorithms. Recent studies have shown that different mapping tools can produce highly variable results because each tool incorporates a different set of algorithmic features [6] . Because of the 
II. METHODS

A. RNA-Seq Data
We use an RNA-Seq dataset from the Sequence Read Archive (SRA) (accession number: SRP008482) to evaluate multiple RNA-Seq pipelines. This dataset includes three samples of human pulmonary microvascular endothelial cells (HMVEC-L) treated with thrombin for 6 hours; and two control samples [7] . Samples were acquired using the Illumina HiScanSQ to produce approximately 50 million read pairs per sample with read lengths of 101 base pairs. The dataset includes qRT-PCR validation results for only three genes, which we use for validation of RNA-Seq quantification.
B. RNA-Seq Mapping Pipelines
We compare two standard RNA-Seq mapping pipelines to the flexible RNA-Seq mapping pipeline by mapping and quantifying samples from the public dataset and examining mapping statistics as well as accuracy of differential gene expression. Specifically, we use TopHat (v2.0.4) and OSA for the standard pipelines, which map reads to a reference genome and transcriptome as illustrated in Fig. 2 . Reads are mapped to a reference genome using a transcriptome annotation as guidance with regard to known splice junctions. For comparison, we use the flexible spliced mapping pipeline with Bowtie2 [8] . The flexible pipeline, first, maps reads to a transcriptome reference, and then maps previously unmapped reads to a reference genome, allowing flexibility in selecting mapping tools at each stage (Fig. 3 ). These two stages are finally merged into one mapping result. For example, we can use (1) Bowtie2 for the transcriptome mapping stage because of its computational efficiency, and (2) TopHat for the reference genome stage because of its ability to identify potentially novel splice isoforms [4] . In this initial study, we use Bowtie2 for both stages as a simple example to show that it is still capable of identifying potentially novel isoforms.
1) Transcriptome and Human Genome References
For both the standard and flexible pipelines, we use the UCSC Human Genome (hg19) reference that includes sequences of the main chromosomes, unmapped contigs, and random contigs, which belong to chromosomes, but are unmapped [9] . We use a transcriptome annotation from Ensembl (GRCh37, release 68) [10] . The annotation file (GTF) was modified and the transcriptome sequence was extracted from the reference genome as follows. First, the sequence names in the annotation file were translated from the NCBI to the UCSC naming convention (e.g., '1' => 'chr1' and 'X' to 'chrX'). Second, the annotation file was simplified by removing all additional fields except those describing 'transcript_id', 'gene_id', or 'gene_name' (using the Cufflinks gffread utility) [11] . Third, all non-exon rows were removed. Finally, the transcriptome sequences were extracted from the reference genome using the TopHat gtf_to_fasta utility [4] .
2) Translation of Mapping Coordinates
In order to combine the transcriptome mapping results with the reference genome mapping results in the flexible pipeline, coordinates of reads mapping to the transcriptome must be translated to genome coordinates. Translation of this mapping from transcriptome coordinates to genome coordinates requires (1) translation of the mapping coordinate and (2) translation of the CIGAR code to indicate the presence of introns. Fig. 4 is an example of such a translation. The example read maps at a coordinate of 2900 base pairs (bp) relative to the beginning of the transcript and spans three exons (i.e., exons 18, 19, and 20). Moreover, the CIGAR (Concise Idiosyncratic Gapped Alignment Report) code of 101M indicates that all 101 bases of the read match (or mis-match) the template with no insertions or deletions. After translation, the mapping coordinate becomes 67626173 and the new CIGAR code becomes (33M 5673N 65M 3706N 3M), which includes two intron ('N') regions. All valid paired-end mappings to the transcriptome are translated to genomic coordinates and merged with all valid paired-end mappings to the genome, resulting in a SAM/BAM file that can be quantified with Cufflinks [11] . 
3) Quantification and Normalization
We quantify gene and isoform expression using Cufflinks [11] . Cufflinks can handle multiple-mapped reads (i.e., secondary alignments) using the "NH" tag in SAM/BAM files. Bowtie2 and TopHat alignment files are sorted by alignment coordinate and include the NH tag for identifying multiplemapped reads. However, it is necessary to further process the OSA alignment files by adding the NH tags and sorting by alignment coordinate. We use the annotation-guided mode in Cufflinks to enable quantification of novel isoforms while retaining existing information from the known genome annotation. Cufflinks uses Fragment Per Kilobase of transcript per Million mapped reads (FPKM) to normalize expression values. Gene and isoform expression values are comparable between samples after FPKM normalization [12] .
C. Evaluation Metrics
We evaluate and compare the flexible and standard RNASeq spliced mapping pipelines by examining the ability of each pipeline to detect potentially novel isoforms and by measuring quantification accuracy. For each pipeline, we count the number of isoforms detected by Cufflinks that are candidates for novel isoforms. The total number of novel isoforms roughly corresponds to the amount of reads mapping to un-annotated regions. Thus, these reads were assigned in the reference genome mapping stage. From this data, we can infer the ability of each pipeline to identify potentially novel gene isoforms. However, these isoforms must be verified prior to making any conclusions about the ability of a pipeline to identify novel isoforms.
The qRT-PCR information included in the RNA-Seq dataset, described in Section IIA, enables evaluation of the pipelines by comparing quantification results to a ground truth [7] . Assuming that the qRT-PCR validation of three genes (i.e., CELF1, FANCD2, and TRAF1) can be treated as a ground truth for gene expression, we evaluate the accuracy of the estimated fold-change of these genes for each RNA-Seq pipeline.
III. RESULTS AND DISCUSSION
Although the flexible RNA-Seq mapping pipeline using Bowtie2 is not able to detect novel splice junctions as depicted in Fig. 1 , this flexible pipeline detects slightly more potentially novel isoforms (i.e., isoforms that do not exactly match existing isoforms in the Ensembl transcriptome annotation) compared to the standard TopHat and OSA pipelines (Fig. 5 ). This trend is consistent for all five samples in the dataset. Although we do not know which of the candidate novel isoforms is a result of mapping error, it is interesting to note the variations that can occur from small changes in mapping strategy (e.g., the flexible Bowtie2 is very similar to the TopHat pipeline in that TopHat also uses Bowtie2).
Definitive validations of RNA-Seq pipeline performance should also depend on external data from methods such as qRT-PCR. Evaluation of the RNA-Seq mapping pipelines using the qRT-PCR ground truth shows variability among pipelines (Fig. 6) . Among the three genes for which qRT-PCR data are available (i.e., CELF1, FANCD2, and TRAF1), RNASeq log 2 fold-change estimates for CELF1 and FANCD2 are close to that of qRT-PCR. TRAF1, on the other hand, exhibits much lower RNA-Seq estimated fold-change compared to qRT-PCR. One reason for this is the use of Cufflinks for quantification of expression values. Cufflinks estimates isoform abundance using transcript assembly [11] . Thus, if Cufflinks cannot assemble transcripts that exactly match the gene annotation, it reports expression values for regions similar to the existing transcripts. For the CELF1 and FANCD2 genes, reported genomic regions are very close to the annotated genes. However, the closest reported match to the TRAF1 gene is longer by approximately 4000 bases, resulting in a bias in the FPKM estimate of TRAF1 expression. Considering only CELF1 and FANCD2, the average absolute deviation of RNASeq fold-change from qRT-PCR fold-change (i.e., absolute value of the difference between RNA-Seq fold-change and qRT-PCR fold-change) for the Bowtie2, TopHat, and OSA pipelines are 0.28, 0.30, and 0.43, respectively. Thus, the flexible RNA-Seq pipeline using Bowtie2 appears to more accurately quantify differential gene expression. However, additional datasets (e.g., with more validated genes), IV. CONCLUSION RNA-Seq quantification by mapping, first, to a transcriptome, then to a reference genome, is necessary for (1) estimation of gene and isoform expression and (2) discovery of novel genes and isoforms. Although multiple tools are capable of this two-stage quantification procedure, these tools are typically not flexible in terms of choice of mapping algorithm. We described a procedure to combine transcriptome and reference genome mapping results from different mapping tools, provided that these tools produce standard SAM/BAM output. Using an RNA-Seq dataset with qRT-PCR validation information, we compared a flexible RNA-Seq pipeline that uses Bowtie2 in the transcriptome and reference genome stages to two standard mapping tools: OSA and TopHat. Results suggest that the flexible Bowtie2 pipeline identifies more candidate novel isoforms and is slightly more accurate than TopHat and OSA in terms of estimating gene fold-change (i.e., with respect to qRT-PCR results). The analysis in this study only serves as an example of the potential of using this flexible RNA-Seq pipeline for optimizing sequence mapping on a perdataset or per-application basis. An expanded study comparing more mapping tools and using more datasets is necessary to further explore the benefits of flexible RNA-Seq pipelines. 
